Our search for new 3-hydroxyfusicoccins structurally related to cotylenin A from a culture of Phomopsis amygdali Niigata 2-A resulted in the isolation of novel 3-hydroxy fusicoccins, called fusicoccins R and S, and the fusicoccin S aglycon, called phomopsiol, together with known 3-hydroxyfusicoccin J. The structure of phomopsiol was identified as that of O-demethyl-3-epicotylenol based on spectroscopic evidence. The structures of fusicoccins R and S were also determined to be those of 3 0 -deacetyl-3-hydroxyfusicoccin A and 3-hydroxy-3-epifusicoccin H. The lettuce seed germination-stimulating activity of fusicoccins R and S, phomopsiol and 3-hydroxyfusicoccin J was examined in the presence of ABA; fusicoccin R and 3-hydroxyfusicoccin J were highly active, while fusicoccin S and phomopsiol were inactive. The possible biosynthetic relationships among these novel fusicoccins having a 3-or 3-hydroxy group in their diterpene moiety are briefly discussed.
Fusicoccin A (FC A, Fig. 1 ), a unique metabolite from Phomopsis (Fusicoccum) amygdali, 1, 2) is a novel 5-8-5-membered tricyclic diterpene glucoside 3, 4) possessing potent plant-growth stimulating acitivity.
5) The mode of action of FC A on plant 14-3-3 protein and the H þ -ATPase are currently attracting much attention. 6) We have reported in a previous paper the isolation of new polar fusicoccins P and Q, and 3-epifusicoccins H and Q from the 3 0 -deacetyl-FC A-producing fungus, Phomopsis amygdali Niigata 2-A (an isolate of a peach Fusicoccum canker fungus), together with the presence of two fusicoccin-biosynthetic pathways finally giving FC A and its 3 0 -deacetyl derivative, as well as 16-Odemethyl-3-epi-FC J. 7) We have recently found that cotylenin A (CN A, Fig. 1 ), 8) the sole fusicoccin-congener isolated as a potent plant-growth regulator from Cladosporium sp. 507W, 9, 10) induced the differentiation of human acute myeloid leukemia cells 11) and apoptosis in human lung carcinoma cells in the presence of interferon-. 12) These useful biological activities of CN A toward mammalian y To whom correspondence should be addressed. Fax: +81-235-28-2862; E-mail: tsassa@tds1.tr.yamagata-u.ac.jp cells prompted us to search for new CN-type fusicoccins having the 3-hydroxy group from the Niigata 2-A fungus. Based on the isolation of 3-hydroxy-FC J from an Italian fungus, 13) we tried to generate CN-type fusicoccins by the fungus in a stationary culture using rice bran and wheat bran, and succeeded in isolating novel 3-hydroxyfusicoccins, called fusicoccin R (FC R) and fusicoccin S (FC S), and the FC S aglycon, called phomopsiol. This paper reports the isolation and structures of FC R, FC S and phomopsiol, together with that of 3-hydroxy-FC J from the Niigata 2-A fungus (Fig. 3) . FC R and 3-hydroxy-FC J having the 16-Omethyl group showed high germination-stimulating activity toward lettuce seeds in the presence of ABA; FC S and phomopsiol having no 16-O-methyl group in the 3-epimeric structures were inactive in this assay. The isolation of these 3-hydroxyfusicoccins and phomopsiol suggested the presence of new fusicoccin-biosynthetic pathways in the fungus; their possible biosynthetic relationships are discussed (Fig. 3 ).
Materials and Methods
General procedures. Optical rotation values were measured with a Horiba SEPA-300 digital polarimeter. 1 H-and 13 C-NMR spectra were recorded with a Jeol EX-400 spectrometer. The DIF-NOE spectra of FC S and phomopsiol were recorded with a Jeol Lambda-600 spectrometer. FABMS and HR-FABMS spectra were recorded with a JMS-700 mass spectrometer. Wako FC-40 silica gel was employed for flash chromatography, and silica gel TLC plates (Merck F254 Nos. 5554 and 5583) were respectively employed for the TLC analysis and preparative TLC.
Extraction and isolation of the new substances. P. amygdali Niigata 2-A was cultured in the stationary mode for 21 days at 25 C in 500-ml flasks as a merlstem culture, each containing rice bran (26 g), wheat bran (13 g) and deionized water (40 ml). The mycelia and media obtained from 80 flasks were homogenized in acetone. The aq. acetone solution (10 liters) obtained by filtration was concentrated in vacuo. The residual aq. solution (700 ml) was adjusted to pH 9.0 with 5% aq. Na 2 CO 3 and extracted 3 times with EtOAc (1.4 liters each) after being saturated with NaCl. The EtOAc extract (34.5 g) obtained by evaporating EtOAc was washed 3 times with n-hexane (200 ml each) and then 3 times with a 2:1 mixture of n-hexane/ether (200 ml each). The obtained residual extract (6.1 g) was separated by silica gel flash chromatography with CHCl 3 / EtOH mixtures and then a 3:1 mixture of CHCl 3 /MeOH to give 10 fractions. The CN-type substances included in the fractions could be detected by TLC with a vanillinconc. H 2 SO 4 spray reagent; these CN-type substances and related metabolites gave purple spots on a TLC plate immediately after spraying with the reagent, while fusicoccins produced no spots without heating the TLC plate.
Substance A was detected together with 16-O-demethyl-3-epi-FC J in fraction 3 (15:1 CHCl 3 /EtOH). Fraction 3 was rechromatographed by a similar method, using a 19:1 mixture of CHCl 3 /EtOH and then a 31:1 mixture of EtOAc/EtOH, to give fine colorless crystals (18 mg). Substances B and C were detected together with 16-O-demethyl-FC J 14) in fraction 4 (7:1 CHCl 3 / EtOH). These were separated by a similar method, using EtOAc/EtOH mixtures, to give 5 fractions. Fraction 2 0 (31:1 EtOAc/EtOH) was crystallized from EtOAc to give substance B (3.3 mg) as fine colorless crystals. Fraction 4 0 (15:1 EtOAc/EtOH) was further purified by a similar method, using a 10:1 mixture of EtOAc/ acetone, to give substance C (13.9 mg) as a colorless solid. Substance D was detected together with FC Q in fraction 9 (3:1 CHCl 3 /MeOH). Fraction 9 was separated by a similar method, using a 10:1 mixture of EtOAc/ EtOH, and was further purified by preparative silica gel TLC, using a 2:1 mixture of EtOAc/n-BuOH, to give substance D (6.3 mg) as a colorless solid. In this experiment, fraction 2 (ca. 2.8 g) containing a 1:1 mixture of the major metabolites of 3 0 -deacety-FC A and FC J was separated.
Substance A (Phomopsiol): Mp 120-121 Seed germination-stimulating assay of fusicoccins R and S, and phomopsiol.
15) The seed germination-stimulating activity of fusicoccins R and S, and of phomopsiol together with 3-hydroxy-FC J was examined in the presence of (AE)-abscisic acid (10 g/ml) by a method similar to that used in our previous study.
Their stimulating effects on lettuce seed (Lactuca sativa, cv. Olympia) germination are shown in Table 2 .
Results and Discussion P. amygdali Niigata 2-A was cultured in the sta- (hr) (g/ml) (g/ml) (g/ml) (g/ml) (g/ml) (g/ml) None 1  3  10  1  3  10  1  3  10  10  30  100  10  30  100  10   12  51  90  92  0  6  92  36  85  92  0  0  0  0  0  0  0  38  24  96  96  98  19  65  98  98  98  98  0  0  0  0  0  0  0  100  36  100  100  100  59  98  100  100  100  100  0  0  0  0  0  0  0  100  48  100  100  100  73  100  100  100  100  100  0  0  0  0  0  0  0  100 Novel Fusicoccins R and S, and Phomopsiol and Their Germination-stimulating Activitytionary mode for 21 days at 25 C in 500-ml flasks (80 flasks), each containing rice bran (26 g), wheat bran (13 g) and deionized water (40 ml). An aq. acetone solution was prepared from the mycelia and media by homogenization in acetone and gave an EtOAc extract (34.5 g) by EtOAc extraction at pH 9.0. This extract was washed with n-hexane and then with a 2:1 mixture of nhexane/ether to give the residual EtOAc extract (ca. 6.1 g). This residual extract was separated by silica gel flash chromatography to give 10 fractions. CN-type substances having a hydroxy group at the 3-position in the aglycons were clearly detected in fractions 3, 4 and 9 by a TLC analysis, using a 0.5% vanillin-conc. H 2 SO 4 spray reagent. Substances A (fine colorless crystal, 18 mg), B (colorless crystal, 3.3 mg), C (colorless solid, 13.9 mg), and D (colorless solid, 6.3 mg) were isolated by rechromatography and preparative TLC.
The physicochemical properties of substance A were similar to those of the O-demethyl derivative 15) of cotylenol (the CN A aglycon) which had been previously prepared by the addition of DL-ethionine (as an inhibitor of the O-methylation of the secondary metabolites) to the culture of the CN-producing fungus. 15) However, significant differences between them in the ½ D and chemical shift values (Á þ1:4-À1:9 ppm) of the 13 C-NMR signals (C-1, 5, 16, and 17 in Table 1 ) were apparent. In addition, careful irradiation at the 17-H signal of substance A did not produce any DIF-NOE signals of 16-H. 14) These observations suggested that substance A was the 3-epimer of O-demethylcotylenol. The stereochemistry of substance A was elucidated by DIF-NOE spectrometry, using a 600 MHz NMR spectrometer: DIF-NOEs in substance A were observed not only between 17-H and 9-H/4-H ( 1.66), and 18-H and 9-H, but also between 6-H and 8-H/5-H ( 1.90), and 16-H ( 3.40) and 5-H/4-H ( 1.79) (Fig. 2) . 8) Therefore, substance A was identified as O-demethyl-3-epicotylenol and called phomopsiol. We have also isolated a new diterpene compound from the culture filtrate of the F6 strain of Fusicoccum amygdali, which was identified as phomopsiol in this report.
Substance B was identified as 3-hydroxy-FC J as the expected metabolite from this fungus by comparing its mp, ½ D value, and 1 H-and 13 C-NMR data ( Table 1 ) with those of 3-hydroxy-FC J (Fig. 3) . 13) Its stereochemistry at C-3 has been principally deduced from the chemical shifts of the 1 H-and 13 C-NMR signals. 13) Identification of phomopsiol having the 3-hydroxy group from the fungus encouraged us to confirm its C-3 stereochemistry. DIF-NOE experiments on substance B were done by irradiation at 17-H to give a clear NOE signal of 16-H ( 3.40), thus confirming the presence of the 3-hydroxy group in the molecule (Fig. 3) . The molecular formula of substance C was determined as C 34 H 54 O 12 from its HR-FABMS data; this differs from that of 3 0 -deacety-FC A only by one more oxygen atom. substance C were fully assigned by the COSY, DEPT and HMBC methods (Table 1) , clearly supporting its structure of 3 0 -deacetyl-3-hydroxy-FC A. The -orientation of the hydroxy group at the 3 position was determined by the NOE results: irradiation of H-17 ( 0.83) markedly enhanced the signals of H-16 ( 3.40). The structure of substance C, therefore, was determined to be 3 0 -deacetyl-3-hydroxy-FC A (Fig. 3 ). This new FC was called fusicoccin R (FC R).
Substance D was determined to have the molecular formula of C 26 H 42 O 9 based on its HR-FABMS data. Its 1 H-and 13 C-NMR signals, being fully assigned by the COSY, DEPT and HMBC methods (Table 1) , closely resembled those of phomopsiol and FC H (Fig. 1) . These observations suggested that substance D was the 3-hydroxy derivative of 3-epi-FC H. The -orientation of the hydroxy group at the 3-position was confirmed by the results of the NOE experiments in the same way as those of phomopsiol: DIF-NOEs were observed between 17-H and 9-H, 18-H and 9-H, 6-H and 8-H/5-H ( 1.78), and 16-H ( 3.26) and 5-H. The structure of substance D, therefore, was determined to be 3-hydroxy-3-epi-FC H (Fig. 3) . This new FC was called fusicoccin S (FC S). The isolation of phomopsiol, one of the fusicoccin aglycons, from the culture filtrate of this fungus was done for the first time, although related metabolites of (þ)-fusicocca-2,10(14)-diene and its 8-ol have been isolated as biosynthetic intermediates of FC A from its mycelial extract. 4) The germination-stimulating activity of the newly isolated fusicoccins toward lettuce seeds in the presence of (AE)-abscisic acid (10 g/ml) was examined ( Table 2) . FC R and 3-hydroxy-FC J, these being 16-O-methylated fusicoccins, respectively induced the germination at low concentrations of 1 and 3 g/ml, 3-Hydroxy-FC J had high activity similar to that of FC J. On the other hand, FC S and phomopsiol, these being a 16-Odemethylated 3-epi-FC and its aglycon, were inactive at a concentration of 100 g/ml. We are planning to assay these new CN-type fusicoccins toward acute myeloid leukemia cells after preparing sufficient amounts.
The two-biosynthetic pathways giving FC A and 16-O-demethyl-3-epi-FC J in their late stage of the non 3-hydroxylation pathway have been briefly discussed in a previous paper; these fusicoccins have no 3-hydroxy group in their molecule. 7) We found in this study that P. amygdali Niigata 2-A produced FC S of an unexpected 3-hydroxyfusicoccin and phomopsiol of its aglycon, together with 3-hydroxyfusicoccins of FC R and 3-hydroxy-FC J. The isolation of FC S and phomopsiol from the fungus suggested the presence of an additional new 3-hydroxylation route in the 3-hydroxylation pathway of fusicoccin biosynthesis (Fig. 3) . Figure 3 illustrates two biosynthetic routes from (þ)-fusicocca-2,10(14)-dien-8-ol 4) to FC S as 3-hydroxy fusicoccin and FC R as 3-hydroxyfusicoccin; the 3-and 3-hydroxyfusicoccins seem to be formed from the corresponding 3,16-epoxides derived from a fusicoccatriene of the common intermediate. 
